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Abstract
The synthesis and characterization of a new Yb-based material Ba3Yb2Zn5O11 are reported.
This material is identified as the first model system of a pseudospin-1/2 quantum antiferromagnet
on “breathing” pyrochlore lattice characterized by an alternating array of small and large Yb
tetrahedra. Despite dominant antiferromagnetic interactions J ∼ 7 K, a large amount of magnetic
entropy (25%) remains at 0.38 K, indicating that each small Yb tetrahedron forms a unique doubly
degenerate singlet state. These results are well described by the Heisenberg pseudospin-1/2 single
tetrahedron model.
PACS numbers: 75.40.Cx, 75.10.Kt, 75.50.-y
1
Search for novel and exotic phenomena associated with spin degrees of freedom has been
central to condensed matter physics [1, 2]. One of the most attractive systems in three di-
mension is a pyrochlore lattice magnet, which consists of corner-sharing regular tetrahedra
of magnetic ions [3]. The inherent geometrical frustration suppressing a conventional mag-
netic order often leads to various unusual properties [4]. Experimental examples include the
spin-driven lattice distortion in chromium spinels MCr2O4 [5, 6] and spin ice (-like) state in
rare-earth pyrochlore oxides Re2B2O7 [7–11].
Spin-1/2 quantum pyrochlore Heisenberg antiferromagnets are known to be promising
candidates for three-dimensional quantum spin liquid [12–19]. Despite numerous experi-
mental and theoretical efforts, their ground state properties have not yet been established
because of the lack of a model material and the unavailability of exact solutions. A popular
theoretical approach to this problem is to first decouple the full (i.e., uniform) pyrochlore
lattice into a set of independent tetrahedra and then reconnect them perturbatively. Based
on this approach, several types of singlet ground states were proposed [13–16]. For exam-
ple, Tsunetsugu found a non-chiral dimerized ground state with a four sublattice structure
[15]. However, a question arises whether this cluster approach correctly describes the true
ground state. Indeed, subsequent studies based on the fermionic mean field theory have
suggested a chiral spin liquid state [18, 19]. Therefore, a material composed of a regular
spin-tetrahedral unit with an inter-tetrahedron coupling is of great interest because under-
standing these inter-tetrahedron couplings is expected to provide important insights on this
issue. Moreover, such a material may show exotic magnetism based on the unique properties
of the single tetradedron associated with the spin chirality.
Recently, appropriate materials have been found in the spinel family, LiA′Cr4O8 (A
′ =
In, Ga), which consist of an alternating array of small and large Cr3+ tetrahedra (spin-3/2);
hence they are named “breathing” pyrochlore lattice [20]. The tunable ratio of exchange
interactions in large (J ′) and small (J) tetrahedra, J ′/J , makes these system suitable for
studying inter-tetrahedral coupling effects [20]. However, no breathing pyrochlore antiferro-
magnet with quantum spin-1/2 has been reported to date.
In this Rapid Communication, we show the new material Ba3Yb2Zn5O11 to be a model
system of a quantum breathing pyrochlore lattice antiferromagnet. It belongs to a family
of Ba3A2Zn5O11-type compounds (A = trivalent ion). The crystal structure of this family
was solved by the single crystal X-ray diffraction (XRD) technique [21, 22]. They crystallize
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in the unique structure with the cubic space group F 4¯3m, in which the A4O16 cluster and
Zn10O20 super-tetrahedron align alternatively and Ba ions fill the interstices, as depicted in
Fig. 1(a). Interestingly, A sites form a breathing pyrochlore lattice [Fig. 1(b)], although all
reported compounds of this family have non-magnetic A ions (A = In, Lu) [21, 22]. Here
we successfully synthesized Ba3Yb2Zn5O11, where the breathing pyrochlore lattice is formed
by Yb3+ ions with magnetic Kramers doublets carrying pseudospin-1/2. Our magnetic and
thermodynamic measurements revealed the formation of a unique spin-singlet state with a
double degeneracy that can be labelled by scalar spin chirality.
Polycystalline samples of Ba3Yb2Zn5O11 were prepared by the standard solid state reac-
tion method. A stoichiometric mixture of BaCO3, Yb2O3, and ZnO was heated at 1150
◦C
for 100 hours with several intermediate grindings. The powder XRD pattern of the sample
in the presence of a silicon standard (NIST 640d) was recorded by a RINT-2100 diffrac-
tometer (Rigaku) with Cu Kα radiation at room temperature (T ) and 20 K. Magnetization
measurements down to 1.8 K and up to 7 T were performed using a commercial supercon-
ducting quantum interference device (SQUID) magnetometer (Quantum Design, MPMS).
The specific heat was measured down to 0.38 K by means of a thermal relaxation method
using a commercial calorimeter (Quantum Design, PPMS).
Figure 1(c) shows the XRD pattern taken at room temperature. The data was ana-
lyzed by the Rietveld method using the PDXL software (Rigaku). The crystal structure of
Ba3Lu2Zn5O11 [22] was used as a starting model and, subsequently, the atomic positions
and isotropic atomic displacement parameters of Ba, Yb, and Zn sites were refined. Three
2θ ranges exhibiting very weak peaks for impurities were excluded from the refinement [23].
The good agreement between observed and calculated patterns (Rwp = 5.40, Rp = 4.21,
S = 1.52) ensures the Ba3A2Zn5O11-type structure realized in the present compound, in
which Yb3+ ions form a breathing pyrochlore lattice. The lattice constant 13.4871(1) A˚ is
larger than the value for the Lu analogue 13.452 A˚ [22], in agreement with the size of ionic
radius Yb3+>Lu3+. Intra- and inter- Yb-tetrahedron distances are determined to be ∼3.29
A˚ and ∼6.23 A˚ [Fig. 1(b)]. The XRD pattern at 20 K did not show any peak splitting,
confirming the absence of structural phase transition at least down to this temperature.
Analyses of the crystalline electric field (CEF) scheme of Yb3+ ions (4f 13) and mag-
netic susceptibility data provide strong evidence for the realization of a quantum breathing
pyrochlore antiferromagnet. The true site symmetry of the Yb3+ ions (3m) requires six
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FIG. 1. (color online). (a) Crystal structure of Ba3A2Zn5O11 (A = Lu and Yb). A4O16 cluster
and Zn10O20 super-tetrahedron are depicted. (b) Breathing pyrochlore lattice formed by A
3+
ions. Inter- and intra-tetrahedron distances are given for A = Yb3+. (c) X-ray diffraction pattern
(black circles) of Ba3Yb2Zn5O11 in the presence of a silicon standard at room temperature. The
red line corresponds to the best fit from the Rietveld refinement based on the structural model
of the Lu analogue [22]. Upper and lower vertical marks denote the Bragg peak positions for
Ba3Yb2Zn5O11 and the silicon standard, respectively. The bottom line represents the difference
between experimental and calculated intensities. Inset: Local environment of Yb3+ and associated
geometrical parameters. The crystalline electric field formed by six surrounding O2− ions exhibits
a cubic-like symmetry with a small trigonal distortion along the 〈111〉 direction.
independent CEF parameters in the effective CEF Hamiltonian. However, a close look at
the local environment [inset, Fig. 1(c)] shows small differences between Yb-O bond lengths
[2.28 A˚ (blue) vs. 2.19 A˚ (green)] and O-Yb-O angles [87.6◦ (blue) vs. 92.2◦ (green)], indi-
cating that the trigonal distortion along the 〈111〉 direction from the cubic octehedral O2−
coordination is relatively small. The CEF can thus be approximated by the cubic octahedral
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FIG. 2. (color online). (a) Temperature dependence of the inverse magnetic susceptibility 1/χ(T )
measured at a field of 0.1 T for T < 30 K and 1 T for T > 30 K. The red line is the calculated curve
based on the cubic crystalline electric field (CEF). The corresponding CEF scheme is illustrated.
(b) χ(T ) below T = 30 K. The red line shows the fit of the single tetrahedral Heisenberg model
(see text).
symmetry, and the resultant effective CEF Hamiltonian is written as [24]
HCEF =(−2/3)B4[O04 − 20
√
2O34] + (16/9)B6[O
0
6 + 35
√
2/4O36 + (77/8)O
6
6], (1)
where the trigonal axis is taken as the quantized axis, and Bn are the CEF parameters and
Omn are the Stevens operator equivalents [25]. The point charge model gives B4 < 0 and
B6 > 0 for Yb
3+ in the octahedral coordination [26]. To verify this approximation, the
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calculated magnetic susceptibility χ was compared with experimental results using the form
of χ = χdia+χCEF/(1+λχCEF), where χdia is the core diamagnetic susceptibility fixed to be
−4.13× 10−4 emu/mol-Yb [27], λ is a parameter describing uniform exchange interactions,
and χCEF is the single ion CEF susceptibility given by the Van-Vleck formula [27]:
χCEF =
NAg
2
Jµ
2
B
kB
∑
n e−En/T
(∑
n |〈n|J|n〉|2e−En/T
T
+
∑
n
∑
m6=n
|〈m|J|n〉|2 e
−En/T − e−Em/T
Em −En
)
. (2)
In Eq. (2), NA is the Avogadro’s number, kB is the Boltzmann constant, µB is the Bohr
magneton, gJ is the Lande’s g-factor (gJ = 8/7), J is the angular momentum operator, and
En is the energy of the nth level in units of T . The red line in Fig. 2(a) represents the
best fit for T > 20 K with B4 = −0.6 K, B6 = 0.002 K, and λ = −5.0 emu/mol (antifer-
romagnetic) and shows a good agreement between experiment and calculations, validating
the cubic approximation. The obtained CEF scheme is illustrated in Fig. 2(a). The ground
state corresponds to a magnetic Kramers doublet with an effective g-factor (geff) of 2.66 for
pseudospin-1/2, which is fully-isotropic because of the cubic approximation. The very large
gap (> 500 K) between ground state and excited states (a quartet and a doublet) ensures
that the low-temperature properties are described by pseudospin-1/2.
To examine correlations among pseudospin-1/2, we turn to χ(T ) at low temperature.
For T < 30 K, χ(T ) shows no signs of conventional long-range ordering down to 1.8 K
but exhibits a broad maximum at around 4 K [Fig. 2(b)]. For 10 K < T < 30 K, the
data obeys the Curie-Weiss law, χ(T ) = C/(T − θCW) + χ0, where the constant term χ0 is
the sum of χdia and the Van-Vleck contribution χvv = 7.3 × 10−3 emu/mol-Yb calculated
from the CEF scheme [27]. The fit yields a negative Weiss-temperature θCW = −6.7(1) K,
indicative of sizable antiferromagnetic interactions among pseudospin-1/2. The geff value of
2.66 calculated from the Curie constant C is consistent with the CEF analysis.
These results therefore establish that Ba3Yb2Zn5O11 is a quantum psudospin-1/2 breath-
ing pyrochlore antiferromagnet. The next task is to characterize the magnetism of this
unique spin system in more detail. Because the Yb-Yb distance differs significantly in intra-
and inter-tetrahedra [Fig. 1(c)], intra-tetrahedon couplings J is expected to largely sur-
pass inter-tetrahedron couplings J ′. Therefore, the broad maximum in χ(T ) observed at
around 4 K [Fig. 2(b)] suggests the formation of a quantum spin singlet state in a small
Yb-tetrahedron. This is supported by the magnetization curves at selected temperatures
(Fig. 3). Although linear above 4 K, the magnetization curve shows a clear non-linear
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increase at B ∼ 3 T below 4 K—a signature of the singlet-triplet crossover.
In the single tetrahedron approximation, the effective Hamiltonian for the pseudospin-1/2
is written as
Htetra = −J
∑
i<j
Si · Sj + geffµBH ·
∑
i
Si , (3)
where Si is the pseudospin-1/2 operator of the ith Yb
3+ ion in a small tetrahedron (i = 1,
2, 3, and 4), J is the Heisenberg exchange interactions, and H is an external magnetic field.
At H = 0, the quantum states of the tetrahedron are characterized by the total pseudospin,
ST = 0, 1, or 2, where ST ≡ ∑i Si. For antiferromagnetic J < 0, the ground state is a
doubly degenerate singlet with ST = 0 and energy ǫ = 3J/2, the first excited state a triply
degenerate triplet with ST = 1 and ǫ = J/2, and the next excited state a nondegenerate
quintet with ST = 2 and ǫ = −3J/2.
To compare the experimental results and model, the susceptibility is defined as χ(T ) =
χtetra(T ) + χ0, where χ0 is the constant term and χtetra(T ) is the intrinsic susceptibility of
the single tetrahedron. Given the energy levels as above, χtetra(T ) per Yb ion is expressed
as
χtetra(T ) =
NAg
2
effµ
2
B
2kBT
5 + 3e−2J/T
5 + 9e−2J/T + 2e−3J/T
. (4)
In the fitting procedure, we treat J , geff , and χ0 as adjustable parameters. A good agreement
is obtained between the model and experiment for T < 30 K with J = −6.43(1) K, geff =
2.569(3), and χ0 = 7.5(1) × 10−3 emu/mol-Yb, as indicated by the red line in Fig. 2(b).
This geff value is consistent with the CEF calculation and χ0 is comparable with the sum of
χdia and χvv. Moreover, the magnetization curves above 1.8 K are successfully reproduced
with the same set of parameters obtained from χ(T ) (solid lines, Fig. 3).
Further information on low-T properties is provided by the magnetic specific heat CM
down to T = 0.38 K after subtracting the lattice contribution CL from the measured specific
heat CP [Fig. 4(a)]. CL was approximated by the specific heat of the non-magnetic analogue
Ba3Lu2Zn5O11. CM exhibits a broad peak associated with the singlet formation without any
signs of long-range order. The corresponding magnetic entropy SM obtained by integrating
CM(T )/T from 0.38 K to 20 K is shown in Fig. 4(b). The saturated value at 20 K is close
to 75% of the value expected for a standard two level system Rln(2), and 25% of magnetic
entropy remains below 0.38 K. This value is fully consistent with the double degeneracy of
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FIG. 3. (color online). Magnetic field dependence of the magnetization at selected temperatures.
Open black squares (6.0 K), red circles (4.2 K), and blue triangles (1.8 K) represent experimental
data. Solid lines correspond to values calculated using Eq. (3) with a set of parameters obtained
from the fitting of χ(T ).
the singlet ground state expected for the single tetrahedron model [Eq. (3)]. In this model,
CM is given by
CM =
9NAkBJ
2
2T 2
10e−2J/T + 5e−3J/T + e−5J/T
(5 + 9e−2J/T + 2e−3J/T )2
. (5)
Experimental CM is well reproduced by Eq. (5) by using only one adjustable parameter J
[red line, Fig. 4(a)]. The fit yields J = −7.1(1) K, comparable to J = −6.43(1) K obtained
from χ(T ).
All the data presented here clearly demonstrate that the Heisenberg pseudospin-1/2 single
tetrahedron model correctly approximates the low-T properties of Ba3Yb2Zn5O11 [28]. One
characteristic feature of this model is the double degeneracy of the singlet ground state.
This ground state is interesting because it can be written by the complex chiral basis states,
which are actually eigenfunctions of the scalar spin chirality defined as Si · (Sj ×Sk ) [14, 15].
This suggests that Ba3Yb2Zn5O11 may possess the degree of freedom associated with the
spin chirality at least down to T = 0.38 K.
An intriguing question is the lifting process of the singlet degeneracy. Small extra ex-
change interactions that are symmetrically allowed in a single tetrahedron with Td symmetry
[31, 32] do not lift any singlet degeneracy because they are transformed as a basis of the
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FIG. 4. (color online). (a) Temperature dependence of the magnetic specific heat CM (open
circles) after subtracting the lattice contribution CL (dashed line) from the measured specific heat
CP (closed circles). The red solid line is a fit of Eq. (5), which yields J = −7.1 K. (b) Corresponding
magnetic entropy expressed as a variation from T = 0.38 K, ∆SM = SM(T ) − SM(0.38K). The
solid line is calculated using Eq. (5) with J = −7.1 K. Dashed lines represent the entropy for a
two-level system Rln(2) and a single tetrahedron model (3/4)Rln(2). The difference between the
two corresponds to the remaining entropy due to the singlet degeneracy.
E representation of the Td group [15]. One possible scenario is spontaneous lattice distor-
tion resulting from magneto-elastic coupling. This so-called spin Jahn-Teller mechanism
was originally proposed to explain the structural transition in frustrated spin-1 vanadium
spinels [33] and, subsequently, in spin-3/2 chromium spinels [34]. Here, a cubic to tetrag-
onal structural phase transition is expected [33], resulting in a three-dimensional valence
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bond crystal. A more interesting scenario is based on inter-tetrahedron interactions, J ′. A
theoretical study on the Heisenberg J − J ′ model has proposed a non-chiral spin-singlet
order with novel singlet excitations [15]. Alternatively, given the finite anisotropy in the real
material, other types of exotic states such as chiral spin liquid may be expected. Although
J ′ is supposed to be much smaller than J because of the large distance between neighboring
tetrahedra ∼ 6 A˚ [Fig. 1(b)], it is in principle non-negligible. At present, the ground state
of Ba3Yb2Zn5O11 cannot be determined. However, this compound is expected to illustrate
novel physics which has never been precedented experimentally. Specific heat, magnetiza-
tion, and neutron scattering measurements below T = 0.4 K are highly desired to examine
its ground state.
Furthermore, two important aspects of Ba3Yb2Zn5O11 deserve attention. First, because
Ba3Yb2Zn5O11 presents a unique breathing pyrochlore structure, understanding the effects
of the inter-tetrahedral coupling J ′ promises to provide information on the physics of uniform
pyrochlore lattice antiferromagnets. This Yb-based compound benefits from an appropriate
strength of the dominant exchange energy J ∼ 7 K, facilitating access to a full phase diagram
by a laboratory magnetic field. Second, Ba3Yb2Zn5O11 is a rare example that consists of the
regular spin-tetrahedra, except for the famous spinel and pyrochlore compounds. Therefore,
the present study stimulates further exploration of novel frustrated spin systems.
In summary, through the analyses of the crystalline electric field scheme and the mag-
netic susceptibility data, we have shown that the pseudospin-1/2 antiferromagnetic breathing
pyrochlore lattice is realized in the new compound Ba3Yb2Zn5O11. Low-temperature ther-
modynamic measurements revealed that each small Yb tetrahedron forms unique doubly
degenerate singlet state at T = 0.38 K. The lifting mechanism of the degeneracy appears
to involve new physics, which may relate to the exotic states of the quantum pyrochlore
antiferromagnet.
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